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I.  INTRODUCTION 


Spline  couplings  are  widely  used  to  transmit  power  and  to  drive 
accessories  in  aircraft,  automobiles,  and  in  other  mobile  equipment 
because  of  their  light  weight,  compactness  and  mechanical  simplicity. 
A  spline  coupling  of  comparable  size  will  transmit  more  torque,  with 
little  speed  limitation,  than  any  other  type  of  coupling.  This 
feature  makes  the  splines  especially  attractive  for  the  aircraft  ap¬ 
plications.  Therefore,  as  many  as  200  splines  of  various  designs, 
sizes  and  materials  are  used  for  different  duty  requirements  in  the 
single  engine  A-4  naval  aircraft. 

Splines  are  used  in  both  permanent  tight-fit  and  in  temporary 
sliding-fit  configurations.  In  the  tight-fit  configuration,  the 
spline  teeth  act  as  multiple  keys,  and  the  contact  between  mating 
splines  is  essentially  full  surface  contact.  Failure  generally 
occurs  by  torsional  shear  of  the  shaft  below  the  root  of  the  tooth 
rather  than  by  the  failure  of  the  tooth  itself. 

When  the  alignment  of  the  sliding-fit  spline  coupling  is  per¬ 
fect,  full  surface  contact  will  be  established,  as  in  the  case  of 
tight-fit  assemblies.  Usually,  however,  the  mating  splines  are 
misaligned  (although  the  misalignment  Is  much  less  than  a  degree) 
and  rock  about  their  axes.  As  a  result,  contact  shifts  from  full 
surface  to  two  teeth  only,  which  leads  to  excessive  wear  of  the 
splines. 

Spline  wear  can  be  minimized  by  a  judicious  choice  of  the 
mechanical  design,  materials,  surface  treatments  and,  more  impor- 
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tantly,  by  lubrication.  Depending  on  the  application,  lubrication  may 
be  provided  by  liquid  lubricants,  grease,  or  even  by  solid  films. 

Previously,  Ku  and  his  associates  at  the  Southwest  Research  In¬ 
stitute  (SwRI)  have  extensively  studied  the  effects  of  parameters  such 
as  misalignment,  materials  and  lubricants  on  spline  wear.^”^)  Those 
studies  led  to  the  formulation  of  certain  greases  to  minimize  spline 
wear.  Also,  it  was  observed  that  certain  hard  coatings  and  plastic 
films  were  ineffective  in  reducing  wear.  However,  the  mechanism  by 
which  splines  wear  remained  uninvestigated.  Clearly,  it  would  be  im¬ 
possible  to  optimize  the  spline  materials  and  operating  conditions 
without  the  knowledge  of  the  basic  mechanism  of  wear. 

During  the  course  of  the  research  at  MIT  on  the  delamination  wear 
of  metals  it  was  demonstrated  that  soft  metallic  coatings  such  as  Au, 

Ni,  Ag  and  Cd  increase  the  sliding  wear  resistance  of  metals  by  several 
orders  of  magnitude  when  the  thickness  of  the  soft  metal  is  controlled. 
Effects  of  several  parameters  such  as  the  coating  thickness,  substrate 
roughness  and  hardness  have  been  comprehensively  studied.  It  was  pro¬ 
posed,  therefore,  that  soft  coatings  would  prevent  the  wear  of 
splines. 

Accordingly,  this  study  is  aimed  at  investigating  the  basic 
mechanism  of  spline  wear  and  exploring  whether  the  soft  metallic 
coatings  could  be  used  to  enhance  spline  life.  Scanning  electron 
microscopy  and  ferrography  were  extensively  used  to  investigate  the 
basic  wear  mechanism.  The  results  showed  that  the  mechanism  of  spline 
wear  was  the  same  as  that  postulated  by  the  delamination  theory  of  wear. 

It  was  also  found  that  spline  wear  could  be  minimized  by  the  applica¬ 
tion  of  soft  metallic  coatings. 
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II.  EXPERIMENTAL  PROCEDURES 

A.  Spline  Materials  and  Design 

AISI  4130  steel  splines  through-hardened  to  28-32  Rc  (Inner  spline) 
and  33-37  Rc  (outer  spline)  were  used  for  this  Investigation.  These 
splines  are  extensively  used  for  a  variety  of  aircraft  applications. 

The  tooth  had  Involute  design  and  it  was  not  crowned.  The  surface 
roughness  of  the  splines  was  1.6  um  (rms)  and  had  a  circular  clearance 
of  0.25  mm.  Other  design  details  are  given  in  Table  I  and  the  test 
specimen  is  shown  in  Figure  1.  The  microstructure  of  the  hardened 
splines  close  to  the  contact  area  Is  shown  In  Figure  2. 

B.  Coatings 

Five  coatings  (Au,  Ni,  Ag,  Cd  and  Cu)  were  used  to  study  the 
effect  of  the  type  of  coating  and  thickness.  These  coatings  were 
chosen  on  the  basis  of  an  earlier  study  at  MIT  on  the  effect  of  soft 
metallic  coatings  In  wear.^®’^  Machined  splines  were  cleaned  In 
boiling  trichloroethylene  and  were  plated  without  any  preparation. 

Except  the  NI  coating,  all  other  coatings  were  applied  over  a  flash  of 
NI  on  the  splines  to  Improve  bonding.  All  coatings  were  applied  by 
the  standard  commercial  electroplating  procedures  using  standard  baths. 
Coatings  of  three  thicknesses  0.1,  1.0  and  10.0  ym  were  used.  (In 
the  case  of  gold  coating  20.0  ym  coating  was  also  used.)  As  It  was 
not  possible  to  use  thicker  coatings  without  changing  the  spline  geo¬ 
metry,  very  thick  coatings  were  not  used. 
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Table  I.  Spline  Design  Parameters 


Material : 

Hardness: 

Inner  spline 

Outer  spline 

Pitch: 

No.  of  teeth: 

Tooth  form: 

Pressure  angle: 

Type  of  fit: 

Length  of  engagement: 
Surface  finish: 


AISI  4130  steel 

320  ±  26  kg/mm2  (28-32  Rc) 
(through-hardened) 

385  ±  10  kg/mm2  (33-37  Rc) 
( through-hardened ) 

20/40 

12 

Involute,  uncrowned 
30° 

Flat-root  side  fit 
12.7  mm 

1.6  ym  rms  (max) 


Figure  2.  I 
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C.  Apparatus  and  Test  Procedures 

The  apparatus  (Figure  3)  used  was  a  spline  wear  tester  designed 
and  fabricated  by  the  Southwest  Research  Institute,  San  Antonio, 
Texas.  It  was  described  in  greater  detail  in  the  publications  of 
Ku  and  his  col  leagues.  Briefly,  the  construction  of  the  appara¬ 

tus  was  such  that  the  inner  spline  gyrated  (without  rotation)  inside 
the  fixed  outer  spline.  This  motion  simulates  the  oscillatory  motion 
of  a  pair  of  misaligned  splines.  Although  the  amount  of  misalignment 
could  be  varied,  it  was  kept  at  0.006  rad  (1.34  deg)  in  this  study. 

A  torque  was  applied  to  the  spline  assembly  through  a  deadweight 
system.  As  the  spline  teeth  wore  during  the  experiment,  the  dead¬ 
weight  moved  gradually  downward.  This  downward  motion  was  recorded 
by  an  LVDT  and  the  amount  of  wear  was  calculated  from  the  LVDT 
readings. 

All  the  tests  were  carried  out  at  a  speed  of  4400  revolutions 
per  minute  and  with  grease.  Some  unlubricated  tests  were  also  con¬ 
ducted  to  observe  the  behavior  of  the  splines  without  any  grease. 
Table  II  lists  the  test  conditions. 


0.  Friction  Tests 

To  determine  the  friction  coefficients  between  the  inner  and  outer 
splines,  splines  coated  with  10  pm  Au,  Ni,  Ag  and  Cd  were  tested. 

The  machine  used  was  a  multifunctional  testing  machine,  which  is  an 
adaptation  of  a  lathe.  A  special  tailstock  incorporates  a  quill 
which  is  instrumented  with  strain  gages  to  measure  both  thrust  and 

1 

torque  and  which  can  be  controlled  to  move  very  precisely  in  the  | 
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HEATED  SPLINE 
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Figure  3.  Spline  wear  tester. 


Table  II.  Test  Conditions 


Temperature: 

Misalignment: 

Torque: 

Tooth  loading: 
Speed : 

Grease: 


394  K  (121 °C) 

.006  rad  (0.34°) 

39.55  Nm  (350  in. -lbs.) 
26.54  MPa  (3850  psi) 
4400  rpm 

MIL-G-81322  (Mobil  28) 
air 


Environment: 
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axial  direction.  The  headstock  also  has  provision  for  precise,  slow 
speed  rotation  for  torsion  tests. 

Outer  splines  were  chucked  and  the  inner  splines  were  attached 
to  the  tailstock.  While  applying  a  torque  of  slightly  greater  than 
39.55  Nm  (350  in.-lbs.),  the  inner  spline  was  pulled  out  slowly  and 
both  thrust  and  torque  were  recorded  simultaneously.  From  these 
measurements,  the  coefficients  of  friction  were  calculated.  Splines 
were  tested  both  with  and  without  grease.  During  the  tests  it  was 
very  hard  to  detect  whether  the  coatings  were  peeling  off.  However, 
the  cadmium  coating  seemed  to  have  the  poorest  bonding. 

E.  Optical  Microscopy 

Some  of  the  untested  and  tested  splines  were  photographed  in 
an  optical  microscope  to  observe  the  qualitative  aspects  of  the 
unworn  and  worn  splines.  For  this,  the  splines  were  cleaned  in 
an  ultrasonic  bath  of  trichloroethylene  and  dried  by  a  jet  of  warm 
air  and  photographed  directly. 


F.  Scanning  Electron  Microscopy  | 

The  surfaces  and  subsurfaces  of  machined  and  worn  splines  were 
observed  in  a  scanning  electron  microscope  (SEM)  after  cleaning  in 
an  ultrasonic  bath.  For  surface  observations  no  preparation  was 
necessary.  For  subsurface  observation,  the  specimens  were  plated 
with  50  yin  electroless  nickel  and  were  cut  approximately  parallel 
to  the  spline  axis  by  a  diamond  cut  off  wheel  at  low  speed.  Then 
they  were  polished  by  the  usual  metallographic  polishing  techniques. 


i.  in  ill  i 


20 


After  etching  with  nital,  the  specimens  were  coated  with  gold  in  a 
vacuum  evaporator  and  were  observed  in  the  SEM. 

G.  Ferrography 

For  ferrographic  analysis  the  splines  were  prepared  by  first 
washing  them  in  10  ml  of  50  percent  MIL-L-23699  jet  oil  and  50  per¬ 
cent  hexane  in  an  ultrasonic  bath.  Toothpicks  were  used  to  pry 
grease  loose  from  the  spline  teeth.  The  grease  was  very  dry  and 
adhered  well  to  the  spline,  but  ultrasonic  agitation  broke  up  the 
dried  grease  freeing  the  wear  particles.  The  resulting  wash  was 
then  diluted  by  as  much  as  2000  :  1  to  obtain  ferrograms  with  the 
right  particle  density  for  comfortable  microscopic  observation. 

In  the  case  of  splines  tested  in  the  induction  period  the  dilution 
was  only  10  :  1.  The  grease  used  for  the  tests  was  also  analyzed 
by  the  ferrography  technique. 
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III.  RESULTS 


A.  Wear  Tests 

The  results  of  lubricated  tests  are  shown  in  Figures  4-7  where 
the  total  wear  (wear  of  internal  and  external  splines)  is  plotted 
as  a  function  of  the  test  time.  In  the  interest  of  clarity  only  the 
average  values  are  shown  in  the  figures.  For  any  one  condition,  three 
to  four  tests  have  been  conducted.  Large  scatter  in  the  data  was  ob¬ 
served  and  the  calculated  standard  deviation  was  sometimes  as  much 
as  10  percent  of  the  mean  value.  Despite  this  large  scatter,  the 
trends  given  by  these  figures  are  fairly  accurate.  In  the  case  of 
copper  coatings,  only  one  test  was  conducted  for  each  coating  thick¬ 
ness.  As  the  results  were  similar  to  those  shown  in  Figures  4-7, 
these  results  will  not  be  discussed  further.  It  is  clear  from  Fig¬ 
ures  4-7  that  there  is  a  period  of  negligible,  or  "mild",  wear  called 
the  induction  period.  After  the  induction  period,  the  splines  start 
wearing  faster  and  the  amount  of  wear  is  approximately  proportional 
to  the  test  time. 

The  induction  period  as  a  function  of  the  coating  thickness  is 
shown  in  Figure  8.  It  is  easily  seen  from  the  figure  that  in  the 
case  of  Au  coated  splines  the  induction  period  is  a  strong  function 
of  the  coating  thickness.  Nickel  coated  splines  exhibit  a  maximum 
induction  period  for  a  coating  thickness  of  about  1.0  pm.  Ag  and  Cd 
coated  splines  did  not  exhibit  any  higher  induction  periods  than  the 
uncoated  splines.  In  fact,  splines  coated  with  10  pm  Ag  exhibited 
induction  periods  smaller  than  the  uncoated  splines. 
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The  wear  rate  after  the  Induction  period  Is  plotted  as  a  function 
of  the  coating  thickness  for  all  the  coatings  In  Figure  9.  Splines 
coated  with  Au,  N1  and  Cd  exhibited  about  the  same  wear  rate  which 
was  Independent  of  coating  thickness.  Silver  coated  splines  exhibited 
generally  higher  wear  rates  and  the  wear  rate  Increases  with  the  coat¬ 
ing  thickness.  Considering  the  scatter  In  the  data,  however.  It  may 
be  concluded  that  the  wear  rate  of  the  splines  after  the  Induction 
period  Is  essentially  independent  of  the  type  and  Initial  thickness 
of  the  coatings. 

B.  Friction  Tests 

The  friction  coefficients  of  uncoated  and  coated  splines  with 
and  without  grease  are  shown  In  Table  III.  These  tests  were  conducted 
at  room  temperature  and  for  the  same  torque  that  was  used  In  the  spline 
wear  tests. 

From  the  table  It  can  be  seen  that  the  friction  coefficient  Is 
reduced  substantially  by  the  grease.  Gold  coated  splines  exhibited 
the  highest  friction  coefficient,  both  lubricated  and  unlubricated. 
Cadmium  coated  splines  exhibited  the  lowest  friction  coefficients. 
Surprisingly,  the  gold  coated  spline,  despite  the  high  friction  co¬ 
efficient,  has  also  the  largest  Induction  period. 

Although  the  values  listed  In  Table  III  give  some  approximate 
Idea  about  the  friction  coefficients,  to  Interpret  the  wear  results 
meaningfully  It  Is  necessary  to  measure  the  friction  coefficient  con¬ 
tinuously. 
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Table  III.  Friction  Coefficients  of  Uncoated  and  Coated  Splines 


Type  of  Coating* 

Friction 

Without  grease 

Coefficient** 

With  grease 

No  coating 

0.41 

0.23 

Au 

0.86 

0.48 

Ni 

0.62 

0.20 

Ag 

0.81 

0.14 

Cd 

0.33 

0.09 

*  Both  internal  and  external  splines  were  coated.  The  thickness 
of  the  coating  was  10  pm. 

**  Average  of  at  least  three  measurements. 
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C.  Optical  Microscopic  Observations 

Optical  micrographs  of  untested  and  tested  internal  splines  with 
and  without  coating  are  shown  in  Figure  10.  It  appears  that  the  sur¬ 
faces  of  the  splines  after  0.4  mm  wear  are  the  same  in  both  cases. 
Observations  of  external  splines  also  showed  a  similar  trend.  The 
teeth  are  worn  on  only  one  side  as  the  torque  was  applied  only  in  one 
direction  throughout  the  test.  It  can  also  be  seen  from  the  figure 
that  the  teeth  are  worn  symmetrically  about  the  midpoint.  The  coat¬ 
ings  were  completely  removed  in  all  cases. 

Optical  micrographs  of  splines  tested  within  the  induction  per¬ 
iod  are  shown  in  Figure  11,  It  is  clear  from  these  figures  that  the 
contact  was  established  only  at  a  few  areas  and  that  the  entire 
spline  tooth  did  not  wear.  Again,  similar  trends  were  observed 
in  the  external  splines.  Although  there  was  some  wear,  the  coatings 
remained  more  or  less  intact. 

D.  Scanning  Electron  Micrographs 

To  examine  the  basic  mechanism  of  wear  in  the  induction  and 
post-induction  periods,  extensive  scanning  electron  microscopy 
work  was  carried  out  on  both  internal  and  external  splines.  Figures 
12-15  show  the  surfaces  of  both  internal  and  external  splines  coated 
with  Au,  Ni,  Ag  and  Cd  with  0.1,  1.0,  and  10  pm  thick  coatings  and 
tested  to  a  total  wear  of  about  0.4  mm.  These  figures  clearly  show 
that  the  surface  becomes  very  rough  and  that  it  is  covered  with  loose 
debris  and  cracks.  The  micrographs  also  indicate  that  the  surfaces 
have  essentially  metallic  characteristics.  (The  SEM  micrographs  were 


Figure  15.  Surfaces  of  cadmium-coated  internal  (top  row)  and  external  (bottom  row)  splin 
tested  to  a  total  wear  of  0.4  mm.  Other  details  are  the  same  as  in  Figure  12 
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taken  without  any  metallic  coating  on  the  tested  splines.)  Although 
occasionally  some  plowing  grooves  were  seen,  large  scale  abrasion 
tracks  were  not  observed.  Further,  the  direction  of  the  cracks  is 
approximately  normal  to  the  axis  of  the  spline. 

An  important  characteristic  of  these  micrographs  is  that  the 
surface  topography  after  0.4  mm  wear  is  entirely  different  from  the 
type  and  initial  thickness  of  the  coating.  It  is  perhaps  not  sur¬ 
prising  because  once  the  coating  is  removed,  the  substrate  gets  ex¬ 
posed,  and  the  wear  of  the  splines  is  essentially  controlled  by  the 
subsurface  spline  material  and  not  by  the  coated  material. 

Micrographs  of  splines  tested  only  in  the  induction  period  are 
shown  in  Figure  16.  In  this  case  most  of  the  tooth  area  remained 
undisturbed  except  in  certain  patches  where  the  wear  was  severe.  The 
micrographs  clearly  show  that  the  worn  area  looks  similar  to  the 
case  when  the  splines  were  tested  to  0.4  mm. 

Scanning  electron  micrographs  of  the  surfaces  of  the  gold  splines 
tested  only  in  the  induction  period  are  shown  in  Figure  17.  In  con¬ 
trast  to  the  surfaces  of  splines  worn  to  0.4  mm,  these  surfaces  do 
not  show  any  cracks.  The  gold  coated  splines  exhibit  only  plowing 
grooves  and  it  appears  that  large  scale  plastic  deformation  took  place 
in  the  gold  coating. 

As  the  surface  features  indicated  that  there  were  no  essential 
differences  between  splines  coated  with  coatings  of  various  thick¬ 
nesses,  subsurfaces  observations  were  carried  out  on  splines  coated 
with  10  um  Au,  Ni,  Ag  and  Cd  only.  Figures  18-21  indicate  that 
large  subsurface  deformation  took  place  as  a  result  of  the  fretting 
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Figure  17.  Surface  of  gold-coated  (10  pm)  spline  tested  only  in 
the  induction  period  (209  h):  (a)  internal  spline  and 

(b)  external  spline. 


Subsurface  of  10  pm  nickel-coated  spline  after  0.4  mm  total  wear 
(a)  internal  spline  and  (b)  external  spline. 


Ni  Plate 


Figure  20.  Subsurface  of  10  ym  silver-coated  spline  after  0.4  mm  total  wear: 
(a)  internal  spline  and  (b)  external  spline. 
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process  in  both  internal  and  external  splines.  However,  it  was  dif¬ 
ficult  to  observe  cracks  in  these  micrographs. 

Subsurface  observations  were  also  carried  out  on  splines  tested 
only  in  the  induction  period.  In  the  case  of  gold-coated  splines,  it 
can  be  clearly  seen  (Figure  22)  that  the  subsurface  did  not  deform 
at  all  and  that  the  deformation  was  confined  to  the  coating  only.  Al¬ 
though  subsurfaces  of  splines  coated  with  other  metals  were  not  ob¬ 
served,  it  could  be  concluded  based  on  the  above  observations  that  in 
the  induction  period,  subsurface  deformation  will  be  either  too  low  or 
it  would  be  confined  to  the  coating  only. 

Figure  23  shows  the  wear  particles  at  the  entry  region  of  the 
ferrogram  of  the  splines  tested  to  0.4  mm  wear.  These  splines  were 
coated  with  10  ym  thick  Au,  Ni,  Ag  and  Cd.  The  wear  particles  have 
a  range  of  sizes  and  are  essentially  metallic  in  character,  although 
the  surface  is  a  bit  oxidized.  To  check  whether  the  surface  is  oxi¬ 
dized,  micrographs  were  taken  with  polarized  light.  Figure  24  indeed 
shows  that  the  surface  of  the  particle  is  oxidized.  (If  the  particle 
is  completely  oxidized  it  would  be  difficult  to  deposit  the  nonmag¬ 
netic,  or  weakly  magnetic,  oxides  on  the  ferrogram.) 

Wear  particles  of  splines  tested  only  in  the  Induction  period 
are  shown  in  Figure  25.  It  Is  interesting  to  note  that  the  size  and 
shape  of  the  wear  particles  is  exactly  the  same  as  that  of  the  wear 
particles  collected  after  0.4  mm  wear.  However,  the  concentration 
of  the  wear  particles  was  about  100  times  smaller  than  that  of  the 
post-induction  period.  Figure  26  shows  the  wear  particles  of  gold 
coated  spline  tested  only  in  the  induction  period.  The  wear  particles 
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are  thin  flakes. 


Ferrograms  of  the  grease  (Figure  27)  indicate  that  the  grease 
contains  fibers,  ferrous  debris,  etc.,  although  the  concentration 
was  very  low. 


Figure  27.  Ferrograms  of  the  grease  used  in  the  spline 
tests,  (a)  entry  and  (b)  at  27  mm  on  the 
ferrogram. 
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IV.  DISCUSSION 


From  Figures  4-7  it  is  clear  that  the  wear  rate  of  splines  lub¬ 
ricated  with  grease  changes  by  orders  of  magnitude  with  time.  In 
the  post-induction  period,  the  wear  rates  are  very  high  (Figures  4-7), 
the  surfaces  of  the  specimens  become  rough  (Figures  10,  12-15),  and 
large  subsurface  deformation  takes  place  (Figures  18-21).  By  contrast, 
in  the  induction  period  the  wear  rate  is  much  smaller  (Figures  4-7), 
the  surfaces  are  largely  unaffected  (Figure  11)  and  the  subsurface  is 

also  unaffected  (Figure  22).  These  results  suggest  two  regimes,  if  not 
mechanisms,  of  wear.  Accordingly,  the  following  discussion  is  divided 
into  two  sections;  (A)  Post-induction  period  and  (B)  Induction  period. 
In  addition,  the  role  of  coatings  is  also  discussed. 

A.  Post-Induction  Period 

Although  the  rate  of  wear  after  the  induction  period  is  very 
high  and  perhaps  objectionable  from  the  stand  point  of  practical  ap¬ 
plications,  an  understanding  of  the  basic  mechanism  in  this  regime 
is  very  much  needed  for  selecting  spline  materials,  operating  con¬ 
ditions  and  lubricating  procedures.  An  important  point  to  be  noted 
here  is  that  both  coated  and  uncoated  splines  wear  at  the  same  rate, 
regardless  of  the  initial  thickness  and  type  of  coating.  The  post¬ 
induction  period  wear  rate  is  in  turn  the  same  as  that  shown  by 
unlubricated  splines  as  shown  in  Figure  28.  Further,  the  surface 
observations  indicate  that  the  coating  is  completely  removed,  and 
subsurface  features  and  wear  particles  clearly  show  that  the  dif- 


ferences  among  the  splines  coated  with  different  soft  metals  are  only 
marginal.  It  is  clear  therefore,  that  the  onset  of  "severe"  wear  is 
marked  by  the  complete  removal  of  both  the  coatings  and  the  grease. 

Since  the  mode  of  displacement  is  oscillatory  (with  a  small  am¬ 
plitude),  the  mode  of  wear,  by  definition,  is  fretting.  However, 
since  various  mechanisms  of  fretting  wear  have  been  proposed  in  the 
past,  a  brief  description  of  the  theories  is  given  below. 

The  theories  of  fretting  wear  can  be  organized  into  four  groups. 

The  first  mechanism  of  fretting  assumes  oxidation  of  the  surface 
metal  and  its  subsequent  removal  during  the  oscillatory  motion. 

The  earliest  theories^’^in  this  category  assumed  that  material 
was  removed  from  the  fretted  surface  atom  by  atom  and  then  these  atoms 
combined  with  the  oxygen  in  the  environment  to  yield  metallic  oxide. 
Later  theories^17, 18^assumed  that  the  oxide  is  formed  on  the  surface 
of  fretted  metal  (because  of  temperature  rise  and  plastic  deformation) 
and  then  it  is  subsequently  scraped  off,  again  by  the  mechanical  action. 
Since  fretting  readily  takes  place  between  nonmetals  and  noble  metals, 
oxidation  is  not  a  requirement  of  fretting. 

The  second  mechanism  of  wear  in  fretting  assumes  that  material 

I  ]Q-21  ) 

removal  takes  place  not  by  oxidation  but  by  adhesion;  'In  a  re- 
( 141 

cent  investigation'  '  it  was  observed  that  the  wear  coefficients 
obtained  in  fretting  are  the  same  as  that  in  uniaxial  sliding,  i.e., 
by  adhesion. 

A  third  mechanism  proposed  to  explain  the  fretting  wear  of  metals 
is  based  on  abrasion. According  to  this  theory,  metallic  par¬ 
ticles  will  be  removed  initially  from  the  fretted  surface.  Subse- 


quently,  they  oxidize  and  contribute  to  the  abrasion  of  the  surfaces 
from  which  they  are  formed. 

More  recently,  Suh^ ^suggested  that  the  early  stage  of  fretting 
wear  is  caused  by  the  wear  mechanism  postulated  in  the  delamination 
theory  of  wear ( ^ According  to  the  delamination  theory,  wear  takes 
place  by  subsurface  deformation,  crack  nucleation  and  crack  propaga¬ 
tion  processes.  Once  the  wear  particles  are  generated,  they  may  un¬ 
dergo  oxidation  and  act  as  abrasive  particles  between  the  fretted 
surfaces,  accelerating  the  wear  process  further,  but  the  critical 
stage  in  fretting  is  the  delamination  process. 

Undoubtedly,  all  the  above  mechanisms  operate  simultaneously 
during  fretting.  The  important  point  to  be  recognized  here  is  to 
identify  the  dominant  mechanism,  i.e.,  the  mechanism  that  contributes 
the  largest  amount  to  the  total  wear.  Recent  experimental  observa- 
tions^27~2^indicate  that  the  delamination  wear  takes  place  during 
the  entire  fretting  process,  not  just  at  the  beginning. 

According  to  the  delamination  theory  of  wear,^°^when  two 
sliding  surfaces  come  into  contact,  normal  and  tangential  loads  are 
transmitted  through  the  contact  points  by  adhesion  and  plowing. 

The  surface  traction  exerted  by  the  harder  asperities  on  the  softer 
surface  induces  plastic  shear  deformation  which  accumulates  with 
repeated  loading.  As  the  subsurface  deformation  continues,  cracks 
are  nucleated  below  the  surface.  Crack  nucleation  very  near  the 
surface  is  not  favoured  because  of  the  triaxial  state  of  highly 
compressive  stresses  which  exists  just  below  the  contact.  Once 
cracks  are  present  (owing  either  to  crack  nucleation  during  wear 
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or  to  preexisting  voids)  further  loading  and  deformation  causes 
cracks  to  extend  and  to  propagate  joining  the  neighboring  ones.  The 
cracks  propagate  parallel  to  the  surface  at  a  depth  governed  by  the 
material  properties  and  the  coefficient  of  friction.  When  cracks  can¬ 
not  propagate,  because  of  either  limited  deformation  or  an  extremely 
small  tangential  traction  at  the  asperity  contact  (i.e.,  low  friction 
coefficient),  crack  nucleation  controls  the  wear  rate.  When  the 
cracks  finally  shear  to  the  surface  (at  certain  weak  spots)  long,  thin 
wear  sheets  delaminate.  The  thickness  of  the  wear  sheet  is  determined 
by  the  location  of  the  fastest  growing  crack  which  in  turn  is  con¬ 
trolled  by  the  normal  and  tangential  tractions  at  the  asperity  con¬ 
tact. 

It  is  interesting  to  note  that  Figures  12-15  and  18-21  indeed 
show  that  the  surface  features,  subsurfaces  and  wear  particles  are  con¬ 
sistent  with  the  predictions  of  the  delamination  theory.  The  surfaces 
of  worn  splines  show  that  the  surface  becomes  extremely  rough  due  to 
wear  particle  removal  in  the  form  of  large  chunks  of  metal  rather  than 
by  the  asperity  removal  mechanism  as  suggested  in  the  adhesion  theory 
of  wear.  The  subsurface  micrographs  indicate  that  large  subsurface 
deformation  took  place. 

Two  observations  need  further  elaboration.  First,  it  was  dif¬ 
ficult  to  observe  the  subsurface  cracks  in  both  internal  and  external 
splines,  although  numerous  surface  cracks  have  been  observed.  Second, 
the  wear  particles  are  not  thin  long  sheets;  the  particles  are  rather 
chunky.  These  observations  indicate  that  because  of  small  oscillating 
displacement  crack  nucleation  may  be  the  controlling  mechanism,  rather 
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than  the  crack  propagation  being  the  rate  controlling  mechanism.  When 
crack  nucleation  is  the  rate  controlling  mechanism,  the  cracks  do  not 
grow  too  far  before  a  wear  particle  is  removed.  In  the  case  of  uni¬ 
axial  sliding  wear  of  ductile  metals,  thin  long  wear  sheets  are  ob¬ 
served  indicating  that  crack  propagation  is  the  rate  controlling  pro¬ 
cess. 

The  operation  of  the  delamination  mechanism  is  also  observed  in 
the  case  of  splines  coated  with  10  pm  gold  and  tested  only  in  the  in¬ 
duction  period  (Figures  17,  22,  26 )•  Large  scale  surface  and  sub¬ 
surface  deformation  and  long  thin  wear  particles  clearly  indicate 
that  the  delamination  mechanism  is  responsible  for  wear  in  the  in¬ 
duction  period  in  the  case  of  gold  coated  splines. 

B.  Induction  Period 

A  major  reason  for  low  wear  rates  in  the  induction  period  is 
the  effectiveness  of  the  grease.  When  the  grease  is  fresh,  the  fric¬ 
tion  coefficient  is  low  (see  Table  III),  and  therefore  the  traction 
at  the  asperity  contact  will  also  be  low.  Because  of  the  low  friction 
coefficients,  the  wear  rates  are  also  expected  to  be  low.  It  has  been 
shown  in  the  past  that  wear  rates  increase  almost  exponentially  with 
friction  coefficients  both  in  the  case  of  uniaxial  sliding^’  ^ 
and  in  frettingP4) 

The  fact  that  the  grease  was  effective  in  reducing  the  wear  rate 
could  be  further  explained  as  follows.  Figure  28  shows  the  wear  rates 
of  the  splines,  both  uncoated  and  coated  with  gold,  without  grease. 
Interestingly,  the  wear  rates  of  both  splines  are  about  the  same. 


This  wear  rate,  in  turn,  is  the  same  as  the  post-induction  wear  rates 
of  both  coated  and  uncoated  splines  lubricated  with  grease.  Moreover, 
it  was  observed  that  the  grease  samples  collected  in  the  induction 
period  were  wet,  whereas  after  0.4  nri  wear,  they  were  very  dry  and 
the  wear  particles  were  collected  as  powder.  Further  confirmation  of 
this  hypothesis  can  be  obtained  by  examination  of  previous  data^-7^ 
where  different  lubricants  Including  jet  fuels  (which  are  inefficient 
lubricants)  give  high  wear  rates  with  no  induction  period  at  all. 

Unfortunately,  the  SwRI  setup  Is  not  equipped  to  measure  the 
friction  coefficients.  It  would  be  interesting  to  see  in  the  future, 
whether  the  onset  of  the  induction  period  coincides  with  the  loss  of 
lubricating  property  of  the  grease  and  the  concomitant  Increase  in 
friction. 

Microscopic  observations  of  the  surface  (Figure  17),  subsurface 
(Figure  22)  and  wear  particles  (Figure  25)  of  the  uncoated  and  gold 
coated  splines  again  show  that  the  wear  in  the  Induction  period  Is 
by  the  delamination  mechanism.  However,  as  can  be  seen  from  the 
optical  micrographs  (Figure  11),  the  entire  tooth  does  not  wear  at 
the  same  time.  Instead,  the  damage  is  confined  only  to  certain  areas. 

C.  Effect  of  Soft  Coatings  on  Spline  Wear 

It  Is  clear  from  the  results  that  splines  coated  with  N1,  Ag  and 
Cd  did  not  perform  any  better  than  the  uncoated  splines.  To  some 
extent  this  result  Is  surprising  because  In  the  MIT  study  on  soft 
coatings  It  was  found  that  Au,  N1,  Ag  and  Cd  reduce  wear  by  several 
orders  of  magnitude  In  an  argon  atmosphere  even  without  lubrication!8, 9^ 
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In  that  study  the  following  conditions  were  Identified:  (a)  for 
major  wear  reduction  the  coating  material  must  be  softer  than  the 
substrate  material  (the  hardness  of  the  substrate  should  be  at  least 
four  times  that  of  the  coating),  (b)  the  optimum  thickness  of  soft 
coating  Is  In  general  less  than  1  pm  for  steels  coated  with  Au,  N1, 

Ag  and  Cd,  (c)  gold  Is  effective  In  air  and  Inert  atmosphere,  whereas 
N1,  Ag  and  Cd  were  effective  only  in  Inert  atmosphere,  (d)  the  surface 
roughness  of  the  substrate  and  the  coating/substrate  bond  strength 
are  two  important  factors  for  the  wear  resistance  of  soft  metallic 
coatings. 

When  these  conditions  were  satisfied  it  was  observed  that  the 
wear  resistance  could  be  increased  at  least  by  a  factor  of  500.  Since 
the  induction  period  Is  increased  by  only  a  factor  of  four  (which  ap¬ 
proximately  means  that  the  wear  resistance  Is  also  increased  by  a 
factor  of  four)  and  since  this  Increase  in  wear  resistance  was  ob¬ 
served  only  with  grease,  a  discussion  of  the  role  of  coatings  in  terms 
of  the  criteria  listed  above  Is  In  order. 

The  primary  requirement  the  coatings  have  to  satisfy  Is  that 
they  should  be  softer  than  the  substrate.  The  electroplated  coat¬ 
ings  except  N1  (see  Table  IV)  are  much  softer  than  the  hardened  AISI 
4130  steel  substrate.  The  failure  of  N1  to  enhance  the  wear  resistance 
can  thus  be  attributed  to  the  hardness  mismatch.  That  is,  when  the 
coating  Is  very  hard,  the  delamination  wear  takes  place  in  the  coat¬ 
ing  Itself  and  therefore  It  falls  to  protect  the  substrate.  However, 
since  Ag  and  Cd  also  failed  to  Increase  the  wear  resistance  of  the 
splines.  It  Is  necessary  to  look  Into  the  other  criteria  also. 
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Table  IV.  Vickers  Microhardness  of  Coatings 


Coating 

Hardness* 

MPa  (kg/mm2) 

Au 

794 

(81) 

Ni 

1902 

(194) 

Ag 

745 

(76) 

Cd 

490 

(50) 
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For  the  coating  to  be  effective,  the  thickness  of  the  soft  coating 
should  be  in  the  range  0.1  -  1.0  yin.  The  thickness  values  used  in  this 
investigation  are  in  that  range,  but  still  the  coatings  failed  to  pro¬ 
tect  the  subsurface,  i.e.,  the  coated  specimen  showed  the  same  induc¬ 
tion  period  as  the  uncoated  splines  except  in  the  case  of  gold  coating. 

Another  requirement  for  enhancing  the  wear  resistance  by  the  ap¬ 
plication  of  soft  coatings  is  that  they  should  be  inert.  When  Ni,  Ag 

(8  9) 

and  Cd  coated  specimens  were  tested  in  air  in  the  MIT  study,'  *  '  they 
failed  to  increase  the  life  of  the  specimens.  On  the  other  hand, 
gold  performed  well  in  both  the  inert  atmosphere  and  the  oxidizing  at¬ 
mosphere.  Since  only  gold  increased  the  induction  period  of  the  splines, 
it  may  be  suspected  that  the  coatings  were  lost  by  chemical  reaction 
with  grease. 

To  check  whether  the  coatings  reacted  with  the  grease,  energy 
dispersive  X-ray  analysis  (EDAX)  was  carried  out  to  identify  the  com¬ 
position  of  the  coatings  exposed  to  grease.  This  was  done  on  the 
side  of  the  tooth  that  was  not  under  load  but  was  exposed  to  the  grease 
for  the  same  time  as  that  required  for  0.4  mm  wear.  The  surfaces  were 
cleaned  in  trichloroethylene,  dried  and  observed  in  the  SEM  that  was 
equipped  with  X-ray  analyzer.  Unfortunately,  it  was  not  possible  to 
obtain  the  composition  of  the  grease.  (The  Mobil  Company  declined 
to  furnish  the  composition  of  the  grease.)  Clearly,  it  would  be  dif¬ 
ficult  to  identify  the  compounds  formed  by  the  coatings  due  to  reaction 
with  the  grease  unless  the  approximate  composition  of  the  grease  Is 
known.  It  was  assumed,  therefore,  that  the  grease  contains  P,  S  and 
Cl  (most  additives  for  EP  lubricants  contain  these  elements)  and  EDAX 


analysis  was  carried  out  to  identify  these  elements.  Figure  29  shows 
the  X-ray  Intensities  of  both  coated  and  uncoated  splines.  According 
to  these  results  It  Is  clear  that  P,  S  and  Cl  were  not  on  the  sur¬ 
faces  of  the  splines  (both  coated  and  uncoated)  which  indicates  that 
the  coatings  did  not  react  with  the  grease  and  that  the  failure  of 
the  coatings  to  enhance  the  Induction  period  was  not  due  to  the  chem¬ 
ical  reaction  between  the  coatings  and  the  constituents  of  the  grease. 

That  leaves  the  surface  roughness  and  bonding  requirments.  To 
check  whether  the  surface  roughness  affects  the  induction  period,  a 
set  of  splines  (inner  and  outer)  was  polished  with  0.25  vm  diamond 
lapping  compound  and  plated  with  10  ym  gold  and  tested  with  grease. 

The  Induction  period  was,  within  the  experimental  scatter,  no  dif¬ 
ferent  from  that  shown  by  the  splines  that  were  plated  directly  with¬ 
out  polishing. 

It  appears,  therefore,  that  the  coating/substrate  bonding  is 
the  most  important  factor.  It  is  well  known  in  the  coating  area  that 
good  adhesion  is  a  requirement  for  satisfactory  performance  of  soft 
metallic  coatings.  Although  all  the  splines  were  plated  with 
a  flash  of  Ni  before  electroplating  with  the  soft  metals,  it  appears 
that  Ag  and  Cd  (and  Cu)  did  not  exhibit  good  adhesion.  Unfortunately, 
it  is  difficult  to  devise  a  meaningful  test  for  the  bond  strength 
of  these  coatings  because  the  test  results  depend  not  only  on  the 
Inherent  strength  of  the  coatings,  but  also  on  a  variety  of  test  var¬ 
iables  (e.g.,  geometry,  load,  speed,  etc.).  In  any  case,  since  the 
loading  conditions  In  fretting  are  much  different  from  the  standard 
tests,  it  is  difficult  to  relate  the  results  of  standard  tests  to 
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analysis  of  the  uncoated  and  coated  splines  exposed  to  grease 
uncoated  and  (b)  Au,  (c )  N1 ,  (d)  Ag,  (e)  Cd-coated.  Thickness 
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the  induction  period  meaningfully.  Nevertheless,  by  a  process  of  j 

elimination  it  is  shown  here  conclusively  that  the  good  bonding  be-  ! 

N 

tween  gold  and  the  substrate  is  responsible  for  the  increases  indue-  '• 

tion  period  in  the  case  of  gold  coated  splines. 

Even  so,  the  gold  coated  spline  did  not  increase  the  induction  | 

period  dramatically  (contrary  to  the  observation  of  uniaxial  sliding).  li 


Unlike  the  case  of  uniaxial  sliding,  the  loads  and  speeds  used  in  the  \ 

spline  tester  were  much  higher  and  the  relative  displacement  was  much  ■ 

smaller.  The  concentration  of  load  and  the  geometric  constraint  amp-  ) 

lified  the  stresses  in  the  substrate  (moresothan  in  the  sliding  case)  ; 

so  that  failure  occurred  at  the  loaded  area  creating  wear  particles. 

Unlike  the  sliding  case  the  same  spot  is  subjected  to  continuous 
cyclic  loading. 

Nevertheless,  it  is  shown  in  this  study  that  spline  life  can  be 
increased  by  coating  with  soft  metals.  If  bonding  between  the  substrate  I 

and  the  coating  can  be  improved,  it  is  expected  that  splines  coated  with  j 

soft  metals  like  silver  and  cadmium  will  have  higher  induction  periods.  -] 

j 

Cadmium  appears  to  be  the  best  choice  since  the  friction  coefficients  j 

i 

exhibited  by  cadmium  coated  splines  are  expected  to  give  substantially  \ 

high  induction  periods.  j 

It  has  been  shown  by  many  investigators  in  the  past  that  ion 
plating  and  sputtering  give  coatings  that  adhere  to  the  substrate 
tightly.  Friction  and  wear  studies  on  these  coatings  have  shown  that 

they  were  far  superior  to  electroplated  coatings.  It  would  be  inter-  1 

esting  to  investigate  the  effect  of  these  treatments  on  spline  wear.  I 


{'■  Finally,  the  grease  used  in  this  investigation  was  formulated  by 
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a  trial  and  error  process.  Although  the  preliminary  studies  have  in¬ 
dicated  that  the  grease  does  not  react  with  the  coatings  appreciably, 
it  is  necessary  to  investigate  whether  the  grease  reacts  with  the  coat¬ 
ings  under  mechanical  action.  Careful  study  of  the  surfaces  using 
more  sophisticated  methods  (e.g..  Auger  and  ESCA)  is  needed  to  inves¬ 
tigate  the  chemical  reaction  between  the  grease  and  the  coatings. 
Further,  the  ferrographic  observations  indicated  that  the  grease  con¬ 
tains  inorganic  fillers.  Time  did  not  permit  us  to  explore  the  size, 
concentration  and  the  hardness  of  these  fillers.  It  is  well  known 
that  hard  fillers  can  remove  the  soft  coatings  by  abrasive  wear.  Al¬ 
though  it  may  be  difficult  to  find  fillers  that  do  not  abrade  the 
soft  coatings,  it  is  possible  to  reduce  the  abrasive  action  by  choosing 
fillers  that  are  smaller  than  1  urn. 
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V.  CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  this  study: 

(a)  The  service  life  of  splines  can  be  increased  by  a  factor  of  four 
through  the  use  of  thin  gold  coatings. 

(b)  Of  the  many  coatings  (Au,  Ni,  Ag,  Cd,  Cu),  only  gold  coating  in¬ 
creased  the  induction  period;  this  is  due  to  oxidation  resistance  of 
gold  and  good  bonding  between  gold  and  the  substrate. 

(c)  Unlubricated  splines,  and  splines  lubricated  with  grease  wear 
by  the  subsurface  deformation,  crack  nucleation  and  crack  propoga- 
tion  processes,  i.e.,  by  the  delamination  mechanism. 

(d)  The  mechanism  of  wear  even  in  the  induction  period  is  by  the 
delamination  mechanism,  although  the  wear  rate  is  much  smaller  than 
that  of  the  post-induction  period.  Wear  was  not  uniform  over  the 
entire  surface  of  the  spline  teeth. 

(e)  The  termination  of  the  induction  period  is  marked  by  the  loss 
of  grease  or  its  effectiveness  because  of  the  reaction  between  wear 
debris  and  grease. 

(f)  The  induction  period  was  increased  by  increasing  the  thickness 
of  the  coatings  up  to  20  urn.  This  may  be  due  to  more  uniform  dis¬ 
tribution  of  the  load  in  addition  to  good  bonding. 
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(g)  EDAX  analysis  of  the  coatings  exposed  to  the  grease  did  not  show 
any  chemical  reaction  between  the  coatings  and  the  grease. 
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